The relationship of mode of delivery to risk of childhood acute lymphoblastic leukemia (ALL) is uncertain. After linking birth records and cancer registry data from California, we conducted a population-based case-control study to investigate the role of delivery by cesarean section (C-section) in the etiology of childhood ALL. This study included 5,081 cases and 18,927 matched controls born in 1978-2009; more detailed data were available on type of C-section (i.e., elective vs. emergency) for a subset of 1,552 cases and 5,688 controls. No association was observed between C-section overall and childhood ALL risk (<15 years of age), but elective C-section was associated with a significantly elevated risk of ALL (odds ratio (OR) = 1.17, 95% confidence interval (CI): 1.01, 1.36). At the peak ages of ALL incidence (2-4 years), C-section was associated with an 11% higher risk of ALL (OR = 1.11, 95% CI: 1.01, 1.22) compared with vaginal delivery, and the magnitude of the association was larger for elective C-section (OR = 1.38, 95% CI: 1.11, 1.70). Emergency C-section was not associated with childhood ALL. Because of design features minimizing nonparticipation and inaccurate recall, this record linkage-based study is less prone to bias. Our results suggest that delivery by elective C-section was associated with a higher risk of childhood ALL, especially at the peak ages of incidence. It is important to evaluate possible mechanisms, because this potential risk factor is modifiable.
In the United States, acute lymphoblastic leukemia (ALL) accounts for one-fourth of all cancers diagnosed in children <15 years of age (1), with a sharp incidence peak at ages 2-4 years across all racial/ethnic groups (2) . A similar incidence peak has been observed in other industrialized nations but not in developing countries (3) , which has engendered the "delayed infection" hypothesis proposed by Greaves et al. (4) . The essence of the Greaves hypothesis is that improper developmental modulation of the immune system due to early-life immunological isolation results in aberrantly strong reactions to infections later in childhood and an increased risk of childhood ALL (4) . Moreover, immune function may play an important role in the etiology of childhood ALL (5, 6) .
The early onset of childhood ALL has motivated studies on the possible etiological role of prenatal and perinatal factors. Here, we focus on the mode of delivery, for multiple reasons. First, compared with vaginal delivery, cesarean section (C-section) drastically modifies an infant's first bacterial community by preventing normal exposure to the vaginal microbiome (7) , alters levels of stress hormone at birth (8) (9) (10) (11) , may influence epigenetic regulation of gene expression (12) (13) (14) , and finally may be a marker for conditions that predispose the mother to birthing difficulties ranging from infections to morphological abnormalities (15) . Previous studies have found associations between C-section and an increased risk of several immune systemrelated diseases, including asthma (16) (17) (18) , allergies (19) , and type 1 diabetes mellitus (20) . Second, the rate of delivery by C-section has increased dramatically in the United States over the last 4 decades, from 5.8% in 1970 (21) to 32.9% in 2009 (22) , and the incidence rate of childhood ALL has also increased continuously (2) . Third, the relationship of C-section to the risk of childhood ALL has not been evaluated in many studies, and most of those studies did not find an association (23) (24) (25) (26) (27) (28) (29) (30) . In a recent Greek investigation, Thomopoulos et al. (30) observed an elevated risk of early-onset childhood ALL among children delivered by C-section, especially prelabor (i.e., elective) C-section. This observation was replicated in a pooled analysis from the Childhood Leukemia International Consortium, which included the Greek study and 3 other casecontrol studies (31) , but because of the potential for bias in these studies, the uncertainty about categorization of elective and emergency C-section, and concern about the focus on the age group of 0-3 years (in which biologically distinct subtypes of ALL are found) (32), the finding is far from conclusive.
The distinction of elective versus emergency C-section can be important, because these events represent different exposure scenarios. A newborn delivered by elective C-section usually does not experience rupture of the amniotic membrane until surgery, significantly limiting microbial colonization from the birth canal (7), whereas a large proportion of emergency C-sections are performed after the onset of physical labor and the rupture of membranes, thus exposing the fetus to the mother's vaginal flora. Additionally, a newborn delivered by elective C-section will not experience the physical trauma of labor, which is known to trigger a stress response (33) . Furthermore, emergency C-section may be a surrogate measure of birth complications or fetal distress.
Inspired by these observations and potential biological mechanisms, we hypothesized that C-section, especially elective C-section, would be associated with an increased risk of childhood ALL. We tested this hypothesis in a population-based, statewide case-control study from California, with a particular focus on childhood ALL that occurred at the ages of peak incidence (ages 2-4 years).
METHODS

Study population
We developed the California Childhood Cancer Record Linkage Project by linking statewide birth records maintained by the vital statistics division of the California Department of Public Health (for the years 1978-2009) to statewide cancer diagnosis data from the California Cancer Registry (CCR) for the years 1988-2011. Included in this analysis were children born in California and diagnosed with their first, primary ALL before the age of 15 years, as reported to the CCR. For each case of leukemia, up to 4 control subjects were randomly selected from the statewide birth records and matched to the case participant on year and month of birth, sex, and race/ethnicity (nonHispanic white, non-Hispanic black, Hispanic, Asian/ Pacific Islander, or other). None of the controls had been diagnosed with any childhood cancer according to data from the CCR. The study protocol was approved by the institutional review boards at the California Health and Human Services Agency; the University of California, Berkeley; the University of California, San Francisco; and Yale University.
From a total of 5,439 identified cases, we excluded cases using the following criteria: 1) length of gestation outside the range of 22-44 weeks (n = 309) (34); 2) unknown values for mode of delivery (n = 5), birth weight (n = 1), birth order (n = 4), or mother's country of birth (n = 3); 3) presence of Down syndrome, an established, strong risk factor for childhood ALL (35) (n = 29); or 4) mother's residence was outside of California at the time of delivery (out of concern that these children would not have been reported to the CCR had they developed childhood ALL) (n = 7). The final sample included 5,081 cases. The same exclusion criteria were applied to a total of 20,352 matched control subjects selected for the 5,081 cases, and 18,927 controls remained in the final sample. In the final study population, each case had at least 1 matched control, and approximately 75% of cases had 4 matched controls.
Variables of interest
Information on mode of delivery was obtained from birth records. Data on C-section versus vaginal delivery were available for all birth years Table 1 ). During 1978-1981, a variable in birth records called "C-section" categorized C-sections as emergency ("primary, emergency" or "repeat, emergency"), elective ("primary, elective" or "repeat, elective"), or unknown. During 1982-1988, the word "nonelective" was used instead of "emergency", and we defined nonelective ("nonelective primary" or "nonelective repeat") C-sections as emergency C-sections. In 2005-2009, a variable called "method of delivery" provided information on whether a trial of labor was attempted. For this period, we defined C-sections with a trial of labor attempted as emergency C-sections and C-sections without a trial of labor attempted as elective C-sections.
Because we did not have detailed information on the type of C-section for all birth years, we evaluated the validity of an approximate approach that was used in the pooled analysis by the Childhood Leukemia International Consortium (31) to categorize elective versus emergency C-section based on maternal history of C-section and the number of offspring in the index delivery. This approach categorized a C-section as elective if the mother had a history of C-section in the past or if the index child was part of a multiple birth (e.g., twins or triplets); otherwise it would be considered emergent. We then compared the 2 sets of definitions for the birth years of 1978-1988, for which there was a clear indication of elective versus emergency C-section in the birth records (the gold standard). Among the 1,148 C-sections that occurred during 1978-1988, the type of C-section was misclassified for 340 (29.6%) when we used the approximate approach. Additionally, among 434 C-sections that were deemed elective based on the gold standard, fewer than half (n = 202, 46.5%) were correctly classified as elective C-sections by the approximate approach. An additional evaluation using data for birth years 2005-2009 also suggested poor validity of the approximate approach, which prompted us not to use it in this analysis.
To account for potential confounding by other birth characteristics, we also abstracted data on birth weight, length of gestation, singleton versus multiple birth, birth order, maternal age at the time of delivery, maternal country of birth, and maternal education.
Statistical analysis
Pearson's χ 2 test was used to compare demographic and socioeconomic characteristics between cases and controls. Odds ratios and 95% confidence intervals were obtained from conditional logistic regression models, which accounted for the matched design. Separate analyses were conducted for ALL diagnosed at the ages <15 years, 0-1 year, 2-4 years, and 5-14 years, motivated by recognized differences in ALL subtype and pathophysiology by age at diagnosis (36, 37) . Potential confounders considered in the models included birth weight (<2,500, 2,500-2,999, 3,000-3,499, 3,500-3,999, or ≥4,000 g), length of gestation (22-36, 37-41, or 42-44 weeks), birth order (first, second, or third or higher), maternal country of birth (United States or a foreign country), maternal age at the time of delivery (<20, 20-24, 25-29, 30-34, or ≥35 years), and maternal education (up to 8th grade, 9th-12th grade, at least some college, or unknown).
Because maternal education was missing for over 23% of the subjects, we conducted multiple imputation for the missing values. First, we used a correlation coefficient of 0.4 as the threshold to identify variables that were correlated with maternal education, and those included race/ethnicity, maternal age at the time of delivery, and mother's country of birth. Subsequently, we used Proc MI with the monotone discriminant method in SAS, version 9.4 (SAS Institute, Inc., Cary, North Carolina), to create 10 complete data sets, analyzed the 10 data sets with Proc Phreg, and finally used Proc MIANALYZE to combine results from the 10 analyses. No other variables had missing data.
We initially adjusted for all covariates simultaneously in the models and then conducted sensitivity analyses by using the SAS stepwise function to retain only covariates that were statistically significant. Because the estimated odds ratios for mode of delivery, the primary exposure of interest, from the 2 sets of analyses were essentially the same, we decided to present only the results from the models that included all covariates. As a sensitivity analysis, we also compared the results derived from models with maternal education in its original format with the results from models with maternal education in its imputed format. The 2 sets of results were extremely similar, and we chose to present the results using imputed maternal education. Furthermore, regression analysis using locally weighted scatterplot smoothing was applied to show the prevalence ratio for elective C-section in cases versus controls for the different ages at ALL diagnosis. SAS was used for all analyses. All tests were 2-sided, and P < 0.05 indicated statistical significance.
RESULTS
The 5,081 cases and 18,927 controls were comparable in terms of sex, race/ethnicity, and year of birth-characteristics on which they were matched (Table 1) . Compared with controls, cases had higher birth weight. Mothers of case patients were more likely to have been born outside the United States, to have been older at the time of delivery, and to have had less education. No significant differences were observed with regard to length of gestation, plurality of birth (singleton vs. multiple), birth order, or percentage of individuals living in poverty at the zip code level. In terms of mode of delivery, a slightly higher percentage of children with ALL (24.6% of cases vs. 23.6% of controls) had been delivered by C-section.
For the 1,552 cases and 5,688 controls with detailed information on type of C-section, a slightly higher percentage of children with ALL (14.2% of cases vs. 12.9% in controls) had been delivered by elective C-section. However, the difference did not reach statistical significance (Table 1 ). There was a considerable change over time in the proportion of newborns delivered by C-section. In our study population, the proportion of deliveries by C-section among all births increased from 17% (16.9% in cases vs. 17.1% in controls) in 1978-1982 to more than 30% (34.7% in cases vs. 30.6% in controls) in 2005-2009. Among those delivered by C-section, the proportion delivered by elective C-section increased among both cases (from 22.9% to 90.4%) and controls (from 40.7% to 88.5%) over the two 5-year periods. As shown in Figure 1 , the prevalence ratio for elective C-section in cases versus controls had a peaking pattern similar to that of ALL incidence in California.
Of the 5,081 cases, 592 (11.7%), 2,296 (45.2%), and 2,193 (43.2%) were diagnosed at the ages of 0-1 year, 2-4 years, and 5-14 years, respectively (Table 2) . No association was observed between delivery by C-section and the risk of overall childhood ALL (<15 years of age; odds ratio (OR) = 1.03, 95% confidence interval (CI): 0.96-1.10). In analyses stratified by the age at diagnosis, delivery by C-section was associated with an increased risk of ALL in the age group 2-4 years (OR = 1.11, 95% CI: 1.01, 1.22) but not in the 2 other age groups (0-1 year or 5-14 years; Table 2 ).
Among the subset of 1,552 cases and 5,688 controls who had more detailed data on the type of C-section (i.e., elective vs. emergency), C-section was associated with an increased risk of ALL diagnosis in the age group 2-4 years (OR = 1.20, 95% CI: 1.01, 1.44). Compared with vaginal delivery, the odds ratios for elective and emergency C-section were 1.17 (95% CI: 1.01, 1.36) and 1.01 (95% CI: 0.85, 1.19), respectively, for overall childhood ALL (<15 years of age). No significant association was observed between either type of C-section and the risk 
DISCUSSION
In this large, population-based case-control study, we found that delivery by C-section, especially elective C-section, was associated with an increased risk of childhood ALL being diagnosed at ages 2-4 years, the peak ages of ALL incidence in the United States.
We did not observe an association between C-section overall and risk of childhood ALL across the entire age range <15 years, which is consistent with the results from several existing studies (23) (24) (25) (26) (27) (28) (29) (30) . Similarly, in a Greek study, Thomopoulos et al. (30) reported no association between C-section and overall childhood ALL but observed a nearly 60% elevated risk of early-onset ALL (defined as ALL diagnosed at ≤3 years of age). A previous study in California with hospital-based case ascertainment found an increased risk (OR = 1.44, 95% CI: 1.0, 2.06) of common ALL (CD10+ and CD19+) among children delivered by C-section (24).
Thomopoulos et al. and, in a Swedish study, Naumburg et al. (28) evaluated the potential role of elective versus emergency C-section in the etiology of childhood ALL. Thomopoulos et al. found a positive association between "prelabor" (i.e., elective) C-section, but not "during labor" (i.e., emergency) C-section, and early-onset ALL (30). Naumburg et al. did not observe any association between either elective or emergency C-section and the risk of childhood lymphatic leukemia (age range: 0-16 years) (28) . Compared with the Swedish study, in which only approximately 10% of participants were delivered by C-section, both the Greek study and our study involved higher C-section rates and included many more participants. In addition, Naumburg et al. did not conduct analyses stratified by age at diagnosis (28) . In the pooled analysis from the Childhood Leukemia International Consortium, which included the Greek study, Marcotte et al. (31) also reported a significantly increased risk of ALL in children delivered by prelabor C-section (OR = 1.23, 95% CI: 1.04, 1.47). An advantage of the studies included in this pooled analysis was the availability of data on indications for the C-sections, which our study did not have. This difference may help explain the poor validity for the classification of elective versus emergency C-section when we attempted to use the approximate approach that had been used in the pooled analysis. In the subset population with detailed information on type of C-section, we observed an increased risk of overall childhood ALL among children delivered by elective C-section; this increase was driven mainly by the age group of 2-4 years, among whom common ALL (CD10 + and CD19+) is the primary subtype (32) .
The distinction of elective versus emergency C-section may be crucial. A newborn delivered by elective C-section neither acquires microbial colonization from the birth canal nor experiences stress from labor, while a newborn delivered by emergency C-section is likely to be exposed to the mother's microbial flora and be subjected to stress from labor. During vaginal delivery and emergency C-section with ruptured amniotic membranes, a newborn will have direct contact with maternal vaginal flora. Mode of delivery is a major determinant of the initial microbiota composition of newborns. In 2 different studies, within the first 24 hours after delivery, vaginally delivered newborns harbored bacterial communities resembling those of the maternal vagina, whereas newborns delivered by C-section acquired skin microbiota-which might resemble those of the delivery environment (7, 34) . The composition of infants' gut microflora during the first 6 months of life differs considerably by the mode of delivery (38) , and even at 7 years of age, clostridia were higher in vaginally delivered children than in children delivered by C-section (39) . Although these studies did not distinguish between elective and emergency C-section, it is reasonable to expect that the difference between vaginal delivery and elective C-section would be more profound than that between vaginal delivery and emergency C-section, in terms of the role in an infant's first bacterial community and possibly moderation of the immune system. In addition, contraction of the uterus and fetal hypoxia during labor trigger a stress response in both the mother and the fetus, resulting in markedly increased levels of cortisol and catecholamine in newborns (33) . Multiple studies have found lower levels of cortisol and catecholamine in neonates delivered by C-section than in neonates who underwent vaginal delivery (8) (9) (10) (11) . Cortisol may eliminate preleukemic clones arising in utero (40) . Moreover, differences in levels of stress hormones at birth may alter immune responses and affect the immune system later in life (15) , and there is evidence of altered methylation patterns after C-section in genes important to immune regulation (12) (13) (14) . From the perspective of stress hormones, elective C-section is more different from vaginal delivery than is emergency C-section. Given the possible biological pathways, it is critical to consider elective and emergency C-section as distinct exposures.
Strengths of the current study include a large sample size, a population-based design, no refusal to participate, reliance on data from preexisting birth records, and the ability to adjust for multiple covariates. Because our study was based on record linkage, we were able to obtain nonidentifying data without active consent. As a result, this study was less prone to selection bias (due to nonparticipation of subjects) or information bias (due to general difficulty in recall or differential reporting related to case-vs.-control status).
Despite the strengths of this study, the record-linkage design also led to several inherent limitations. First, we were restricted to the use of existing data without confirmation, although we did exclude subjects whose length of gestation was outside a plausible range, and a previous study found a near perfect agreement on mode of delivery when comparing birth records with medical records (41) . Within our study population, we observed a change in the percentage of newborns delivered by C-section over time, which mirrors the trend reported by the California Department of Public Health (42) . Second, data on elective versus emergency C-section were available only for a subset of 1,552 cases and 5,688 controls, although our sample was still larger than any of the other individual studies evaluating the role of C-section in the etiology of Abbreviations: ALL, acute lymphoblastic leukemia; C-section, cesarean section; CI, confidence interval; OR, odds ratio. a Adjusted for birth weight (<2,500, 2,500-2,999, 3,000-3,499, 3,500-3,999, or ≥4,000 g), length of gestation (22-36, 37-41, or 42-44 weeks), birth order (first, second, or third or higher), mother's country of birth (United States or a foreign country), maternal age at the time of delivery (<20, 20-24, 25-29, 30-34, or ≥35 years), and maternal education (up to 8th grade, 9th-12th grade, or at least some college).
b Due to a small number of C-sections with unknown type, the numbers of elective and emergency C-sections did not always add up to the total number of C-sections.
childhood ALL (23) (24) (25) (26) (27) (28) (29) (30) . Third, it is possible that some of the controls could have moved out of California and developed childhood ALL elsewhere, or they could have developed childhood ALL within California but not have been captured by the CCR. However, childhood ALL (<15 years of age) is a rare disease, with an annual incidence of approximately 35 per million (2); fewer than 10 cases would have been expected to develop among the 18,927 controls if they had been observed from birth to before age 15 years. In addition, there is no reason to suspect that the possibility of misclassifying actual cases as controls would be different based on a child's mode of delivery, and nondifferential misclassification would have biased the risk estimates towards the null. Last, we were limited to data available in existing records, and therefore we could not adjust for additional potential confounders such as breastfeeding, which has been linked to a lower risk of childhood ALL (43), or indications for C-section.
In summary, in this large, population-based case-control study, which had a low susceptibility to bias, delivery by elective C-section was associated with an increased risk of childhood ALL, especially at the peak ages of ALL incidence (ages 2-4 years). It is important to conduct additional studies to further evaluate this association and to identify potential underlying mechanisms, because such analyses may point toward a preventable aspect in the etiology of childhood ALL. Until more is known, it is probably prudent to perform C-sections only when they are medically justifiable, especially when considering the multiple other types of disease to which they have been linked (16) (17) (18) (19) (20) .
